A B S T R A C T The proliferative response of human peripheral blood lymphocytes to phytohemagglutinin, concanavalin A, and pokeweed mitogen were suppressed by thymosin. Greatest decreases were observed when cells were preincubated with thymosin for 18 h before a 3-d culture with mitogen in the presence of thymosin. However, significant suppression also occurred when lymphocytes were preincubated for 2 h and cultured with thymosiin or preincubated for either 2 or 18 h and washed free ofthymosin before culture. These effects were related to the concentration of thymosin and time of exposure to thymosin but not merely to a delay in the response to mitogen or to toxicity. The suppression of mitogen-induced proliferation by thymosin appeared to result from effects of thymosin on a suppressor cell because lymphocytes incubated with thymosin did not acquire increased responsiveness to mitogens as did cells incubated for 18 h in its absence and because mixing thymosin-pretreated lymphocytes with cells not preincubated with thymosin resulted in decreased responsiveness to photohemagglutinin.
A B S T R A C T The proliferative response of human peripheral blood lymphocytes to phytohemagglutinin, concanavalin A, and pokeweed mitogen were suppressed by thymosin. Greatest decreases were observed when cells were preincubated with thymosin for 18 h before a 3-d culture with mitogen in the presence of thymosin. However, significant suppression also occurred when lymphocytes were preincubated for 2 h and cultured with thymosiin or preincubated for either 2 or 18 h and washed free ofthymosin before culture. These effects were related to the concentration of thymosin and time of exposure to thymosin but not merely to a delay in the response to mitogen or to toxicity. The suppression of mitogen-induced proliferation by thymosin appeared to result from effects of thymosin on a suppressor cell because lymphocytes incubated with thymosin did not acquire increased responsiveness to mitogens as did cells incubated for 18 h in its absence and because mixing thymosin-pretreated lymphocytes with cells not preincubated with thymosin resulted in decreased responsiveness to photohemagglutinin. INTRODUCTION Differentiation of murine and human thymus-dependent (T) lymphocytes has been induced by thymic extracts as assessed by expression of specific surface markers (1, 2) , formation of spontaneous erythrocyte (E) rosettes (3) (4) (5) (6) (7) (8) , graft-vs.-host reactivity (9, 10) , and sensitivity to T cell-specific antisera, azathioprine, or separate peptides with suppressor and helper activity have been isolated from thymosin fraction 5.1
In vitro incubation of peripheral blood lymphocytes from healthy adults with thymosin altered the number of cells forming spontaneous E rosettes. The degree of change varied inversely with the number of rosette-forming cells present in the absence of thymosin (13) . Additionally, thymosin decreased in vitro stimulation of normal lymphocytes by allogeneic cells in individuals with relatively high responses but increased it in persons with lower responses (14) . The mechanism through which such modulation was effected by thymosin was, however, not investigated.
The present studies were undertaken to assess modulation by thymosin of the in vitro proliferative re Lymphocyte cultures. To assess the effects of thymosin on mitogen-induced proliferation, 0.1 ml of cells either treated or untreated with thymosin was added at a concentration of 5 x 105/ml in RPMI 1640 supplemented with glutamine, 10% human AB serum, penicillin and streptomycin to 0.1 ml of mitogen in microtiter culture plates. The cultures were incubated at 37°C in a humidified 5% CO2 and air atmosphere and pulsed with [3H]thymidine (1 ,uCi/well) for 18 h before harvest. Cells were collected oIn glass fiber filters 66 h after initiation of culture with a MASH II automated harvester (Microbiological Associates, Walkersville, Md.). The filters were placed in Bio-Vial containers (Beckman Instruments, Inc., Fullerton, Calif.) with 3 ml of Aquasol scintillation fluid (New England Nuclear, Boston, Mass.) and counted in a Beckman liquid scintillation system (Beckman Instruments).
Results were expressed as percent response where percent response = 100-(Acpm ofcultures with thymosin/Acpm of cultures without thymosin x 100); Acpm = cpm of mitogen-stimulated cultures -cpm unstimulated cultures. A positive value indicated suppression of the lymphocyte response to mitogen and a negative value stimulation of lymphocyte responses to mitogens.
Mitogens used were as follows: phytohemagglutinin-P (PHA)2 (Difco Laboratories, Detroit, Mich.) at final dulutions of 1:2,000 and 1:10,000, concanavalin A (Con A) (Pharmacia Fine Chemicals, Piscataway, N. J.) at final concentrations of 25 and 5 ,tg/ml, and pokeweed mitogen (PWM) (Difco Laboratories, Detroit, Mich.) at final dilutions of 1:100 and 1:500. The higher concentration of each mitogen induced optimum responses of the lymphocytes, whereas the lower concentration induced suboptimal stimulation.
Thymosin treatment. Lymphocytes were incubated with thymosin at a concentration of 200 ,g/ml for either 2 h or 18 h and washed. These preincubated cells were then stimulated with mitogen both with and without thymosin (100 ,ug/ml) present in the final culture medium. Another aliquot of lymphocytes from each blood donor was preincubated and washed before culture without exposure to thymosin. In some experiments, spleen fraction 5 or fetal calf serum at the same concentrations was substituted for thymosin. Dose response. To some cultures, thymosin was added in concentrations of 100, 50, 25, 12, and 6 ,Lg/ml to evaluate the relationship between dose and effect of thymosin on the response of lymphocytes to PHA. Culture conditions were otherwise identical to those describedl above.
Sequence of addition of thymosin. In some cases, thymosin (100 ,uglml) was added at -2,0,2,24, and 48 h of culture relative to the addition of PHA at zero time. The cultures were incubated, pulsed, and harvested as described above.
Increased responsiveness to mitogens after preincubation. Recently, increased responsiveness of human peripheral blood lymphocytes to Con A has been reported after a 24-h preincubation period in culture (16) . In the present report, data from four experiments were calculated to evaluate the effects ofthymosin on the acquisition of increased responsiveness of peripheral blood lymphocytes to Con A after a preliminary preincubation period. Results were expressed as A18/A2, where A18 = Acpm after an 18-h preincubation and A2 = Acpm after 2 h of incubation. A18/A2 was determined both with and without thymosin present. After preincubation, cells were washed and cultured as described above.
Lymphocyte mixing studies. In five experiments, lymphocytes preincubated in the presence of thymosin (200 ,ug/ml) 2Abbreviations used in this paper: Con A, concanavalin A; E, expected incorporation; 0, observed incorporation; PHA, phytohemagglutinin-P; PWM, pokeweed mitogen.
for 18 h were mixed with autologous cells preincubated in the absence of thymosin to determine the suppressive effects of the thymosin-treated cells on untreated lymphocytes. All cells were washed after preincubation. Triplicate cultures stimulated with PHA 1:2,000 were incubated without additional thymosin, pulsed, and harvested as described above and contained combinations of cells as follows: 1 x 105 thymosin-pretreated alone, 1 x 105 untreated alone, 0.5 x 105 thymosin-treated plus 0.5 x 105 untreated, and 0.25 x 105 thymosin-treated plus 0.75 x 105 untreated. Incorporation expected (E) in the absence of any influence of thymosintreated lymphocytes on the untreated cells was determined by extrapolation along a line connecting plotted observed values for 1 x 105 untreated cells alone and 1 x 105 thymosintreated lymphocytes. For example, E for 0.5 x 105 untreated plus 0.5 x 105 thymosin-treated cells fell at the midpoint ofthe line. Observed (0) incorporation for cell mixtures was determined experimentally. Incorporation was expressed as AE = E for each mixture minus incorporation by 1 x 105 thymosintreated cells and AO = 0 for each mixture minus incorporation by 1 x 105 thymosin-treated cells. Thus, the A-values represented [3H]thymidine incorporated above maximum suppression by preincubation with thymosin. Suppression was expressed as both absolute (AE -AO) and relative (percent suppression = 100 -(AO/AE x 100) differences.
Statistical analysis. The statistical significance of alteration of responses to mitogens by thymosin and dose-response effect of thymosin were analyzed using Student's t test for paired data.
RESULTS
Suppression of mitogen-induced DNA synthesis by thymosin. Proliferation of peripheral blood lymphocytes in response to both optimal and suboptimal concentrations ofall mitogens was significantly suppressed by thymosin (Table I) Effect of thymosin on proliferative responses to different mitogens. The degree of thymosin-induced suppression of proliferation was inversely related to PHA concentration but similar at both concentrations of Con A and PWM employed (Table I) . Consistently greater suppression of PHA responses was observed at the suboptimal concentration of PHA employed regardless of length of preincubation with thymosin or its presence or absence in the culture medium. The effect of thymosin on responses to Con A and PWM was similar at both optimal and suboptimal concentrations (Table I) .
Effect of thymosin concentration on suppression of PHA-induced proliferation. To evaluate the doseresponse effect of thymosin on lymphocyte proliferation, mononuclear cells from six individuals were preincubated with thymosin for 2 h and subsequently cultured in its presence at concentrations of 6, 12, 25, 50, and 100 ,ug/ml. Percent suppression was calculated for each concentration of thymosin by comparison with cultures not containing thymosin. As shown in Table II , the degree of suppression increased at concentrations of thymosin between 6 and 25 ,ug/ml but plateaued thereafter. This pattern was qualitatively similar at both PHA concentrations although quantitative differences were observed.
Kinetics of PHA response in the presence and absence of thymosin. To investigate the possibility that the suppression observed after 66 h in culture was related to altered kinetics ofmitogen-induced proliferation, cells preincubated for 2 h with thymosin and then cultured with PHA in the presence of thymosin without washing before addition of the mitogen were harvested 18, 42, 66, and 90 h after the addition of PHA. Cells not exposed to thymosin were processed in 18 h and washed before 3-d culture with Con A. t A2 h, Acpm of cells preincubated with or without thymosin for 2 h and washed before 3-d culture with Con A. preincubated for 18 h without thymosin acquired an increased responsiveness relative to those incubated for 2 h before culture. Parallel experiments in which the lymphocytes were preincubated for 2 and 18 h in the presence of thymosin and washed before 3-d stimulation with Con A demonstrated reduced enhancement of responses to this mitogen after the 18-h incubation period (Table III) . This effect of thymosin was demonstrable at both Con A concentrations tested.
Suppression of proliferative response of untreated lymphocytes to mitogens by thymosin-preincubated cells. Lymphocytes preincubated in the presence and absence of thymosin and washed were cultured at the concentrations described. Table IV shows that observed proliferative responses were suppressed below expected values in all five experiments, when equal numbers of cells preincubated in the presence and absence of thymosin were cultured together. When a minority of cells in culture had been preincubated with thymosin, suppression was observed in four of five experiments with stimulation in the other one (Table V) . These results provided more direct evidence for induction of suppressor cells by thymosin.
DISCUSSION
In these studies, the effects of thymosin on mitogeninduced proliferation of peripheral blood lymphocytes from healthy adult humans were evaluated. Responses to both optimal and suboptimal concentrations of PHA, Con A, and PWM were significantly suppressed by "Percent suppression, 100 -(AO/AE x 100). Table IV . § AO, observed incorporation by untreated cells as in (19, 20) . The degree of suppression was also dependent on mitogen concentration for PHA but not for Con A When thymosin was added to cultures at various time intervals relative to the addition of mitogen, greatest suppression was observed when it was added either 2 h before or at the same time as the PHA. The addition ofthymosin 2 or 24 h after stimulation resulted in a lesser degree of suppression, and there was no effect on responsiveness when it was introduced after 48 h of culture at the time of the [3H]thymidine pulse. These results indicated that thymosin modified some event early in the time-course of PHA stimulation. They also indicated that thymosin was not toxic as addition late in culture did not alter proliferation.
The possibility that the decreased responses to mitogens were related to the differentiation of a suppressor cell by thymosin was investigated by assessing the effect of thymosin on the acquisition of increased responsiveness by preincubation in a maner similar to that used by Bresnihan and Jasin (16) and Rich (Table IV) . When there were more untreated than treated cells in culture, suppression of 30-94% was observed in four of five experiments. These studies indicate the induction by thymosin of a suppressor cell in normal individuals. Recently, induction by thymosin of Con A-activatable cells which suppressed mixed leukocyte culture responses has been reported in patients with systemic lupus erythematosus who lacked such a suppressor cell in the absence of thymosin (21) .
It has previously been demonstrated that thymosin elevates cyclic guanosine 5'-monophosphate levels (22) and that increased cyclic nucleotide levels decrease responses to PHA (23) . However, because the effect of cyclic nucleotides on mitogen-induced proliferation was readily reversible by removal of these agents before culture (23) , it appears unlikely that such a mechanism was responsible for the suppression observed in the present studies as removal of thymosin did not affect the degree of suppression, at least after a 2 h preincubation. It may be concluded, therefore, that suppression by thymosin of mitogen-induced proliferation of normal adult human peripheral blood lymphocytes has been demonstrated in these experiments. It appears that this suppression was mediated by thymosin-induced differentiation of suppressor cells from precursors although the characteristics of the suppressor cell were not established.
